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Understanding the ultrafast carrier dynamics and the mechanism of two-dimensional (2D) transition metal dichalcogenides
(TMDs) is key to their applications in the field of optoelectronic devices. In this work, a single pulse pump probe method is
introduced to detect the layer-dependent ultrafast carrier dynamics of monolayer and few-layer WS2 excited by a femto-
second pulse. Results show that the ultrafast carrier dynamics of the layered WS2 films can be divided into three stages: the
fast photoexcitation phase with the characteristic time of 2–4 ps, the fast decay phase with the characteristic time of 4–
20 ps, and the slow decay phase lasting several hundred picoseconds. Moreover, the layer dependency of the characteristic
time of each stage has been observed, and the corresponding mechanism of free carrier dynamics has been discussed. It
has been observed as well that the monolayer WS2 exhibits a unique rising time of carriers after photoexcitation. The
proposed method can be expected to be an effective approach for studying the dynamics of the photoexcited carriers
in 2D TMDs. Our results provide a comprehensive understanding of the photoexcited carrier dynamics of layered WS2, which
is essential for its application in optoelectronics and photovoltaic devices.
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1. Introduction

Transition metal dichalcogenides (TMDs) have attracted tre-
mendous attention and played an important role in the develop-
ment of two-dimensional (2D) semiconductor materials in the
past decade due to their unique physical properties and out-
standing photoelectric performance[1–3]. The extraordinary
physical properties of the TMDs can be attributed to their
unique physical structure. TMDs are layered structures, in
which monolayer materials are stacked together through weak
van der Waals forces between layers[4]. As a result, the optical
and physical properties of TMDs will always exhibit striking
layer-dependent evolutions[5,6]. Peculiarly, when the material
is thinned frommultiple layers to an atomically thin monolayer,
the indirect band gap semiconductor will be transformed into a
direct band gap semiconductor[7]. Due to its fascinating and
layer-dependent photoelectronic and mechanical properties,
2D TMDs have promising potential applications in the field
of optoelectronics, electronics, and flexible devices[8–11].
As one of the most studied materials in the family of TMDs,

tungsten disulphide (WS2) has been widely used in the field of
highly responsive photosensors and electrics devices. A deep

understanding of the ultrafast carrier dynamics of WS2 and
the corresponding mechanisms upon photoexcitation is the pre-
requisites for its applications. Therefore, many time-domain
studies have been carried out on the photoexcited carrier
dynamics of WS2 and MoS2 utilizing transient absorption spec-
troscopy[2,12,13], photoemission electron microscopy[12,14–16],
time-resolved photoluminescence[17], and time-resolved tera-
hertz (THz) spectroscopy[18,19], and so on. As a result, the tran-
sient excitation process of the carriers with the time scale from
several hundred femtoseconds (fs) to picoseconds, and the sub-
sequent carrier decay process with the time scale from tens of
picoseconds to nanoseconds, were studied. The decay process
of the photoexcited carriers, which occupies most of the time
of the carrier responses, has been divided into two[18,20,21] or
three[2,12,22] stages for mechanism explanation in different
works. Correspondingly, different explanations for the carrier
decay process have been reported such as carrier thermalization
and cooling[23], exciton formation, dissociations and annihila-
tions[17,24,25], defect-assisted electron hole recombination[20],
Auger scattering[12], and electron–phonon interaction[26].
These differences may be due to the various detection devices
or the different sample preparation methods[14,27]. Therefore,
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more efforts are still needed to bring usmore information, which
is critical to building a comprehensive understanding of the
photoexcited carrier dynamics and the corresponding mecha-
nisms in layered WS2.
It is well known that, in the measurement of dynamic proc-

esses on ultrafast time scales, the reported methods include
multi-shot methods[11,13,17,28] and single-shot methods[29–31].
In the measurements of photoexcited carrier dynamics, due to
the instability of the output pulse and the inhomogeneity of
the sample, non-negligible uncertainties and systematic errors
to the results will be inevitably introduced from the data col-
lected in different shots. Therefore, the single-shot method
can provide more reliable results compared with the multi-shot
method. Besides, most of the existing studies focus on various
optoelectronic properties of monolayer materials. While under-
standing the layer-dependent photoexcited carrier dynamics of
layered WS2 is a crucial step for expanding its applications, in
this paper, a single pulse method based on the pump probe tech-
nique is proposed to detect the ultrafast carrier dynamics of
layered WS2 from 1 to 5 layers excited by a fs pulse with pump
fluence of 1mJ=cm2. The spatiotemporal spectrum of the photo-
excited carrier dynamics can be obtained in a single measure-
ment by employing the linear chirped pulse as the probe
light. From the spectrum, the ultrafast carrier dynamics can
be obtained, including the fast photoexcitation phase with char-
acteristic time of 2–4 ps, the fast decay phase with characteristic
time of 4–20 ps, and the slow decay phase lasting several hun-
dred picoseconds. Further, the layer dependency of the charac-
teristic time of each stage has been demonstrated, and the
corresponding mechanism of free carrier dynamics has been
discussed.

2. Experiments

The WS2 samples were obtained through commercial purchase
(6Carbon Technology), prepared using the chemical vapor
deposition (CVD) method. The substrate is sapphire with a
thickness of 0.3 mm. Figure 1(a) shows the optical image of the
three-layer WS2 with size of 10mm × 10mm. A Raman spec-
trometer (inVia Reflex) is used to analyze the Raman spectra,
and the excitation wavelength is set as 532 nm. Figure 1(b) shows
the Raman spectra at different marked positions, shown as
Fig. 1(a). Two characteristic peaks (E1

2g and A1g) in the spectrum
are observed, which represent two kinds of phonon vibration
modes (in-plane and out-of-plane, respectively). The position
differences between the two peaks maintain 61.5 cm−1 in five
measurements, which means that the thickness uniformity of
the sample is good. The Raman spectra of the WS2 from mono-
layer to five layers are shown in Figs. 1(c)–1(e), respectively.
The position difference between peak E12g and peak A1g shows
a dependence on the number of layers, which is consistent with
previous reports[17,32]. In addition, extremely small surface
roughness indicates excellent surface quality of the samples,
shown in the atomic force microscopy (AFM, SPM9700,
Shimadzu) results, as shown in Figs. 1(f)–1(h).

The schematic diagram of the proposed single pulse pump
probe method is shown in Fig. 2(a), which is similar to the con-
figuration in our previous work[29]. A Ti:sapphire laser
(Newport Corporation, SOL-ACE35F1K-HP) is employed to
deliver 35 fs Gaussian limit pulses with central wavelength of
800 nm and maximum single pulse energy of ∼7mJ. The rep-
etition rates of the output pulse of the system are set as

Fig. 1. Characterization of the WS2 films with different layers used in this
study. (a) Optical image of sample with size of 10 mm × 10 mm. The WS2 film
was plated on a 0.3 mm sapphire substrate by the CVD method. (b) Raman
spectra of the three-layer WS2 at different points. (c)–(e) Raman
spectra of WS2 films with 1–5 layers. (f)–(h) The surface roughness of the
1L, 3L, and 5L samples characterized by AFM.

Fig. 2. (a) Schematic diagram of the pump-probe-based optical configura-
tion. (b) Schematic diagram of the marked area in (a). The probe light spot
size is smaller than the pump light spot and falls in the center of the pump
light spot on the sample. NPBS, non-polarized beam splitter; P, polarizer; F,
neutral filter wheel; M, mirror; S, mechanical shutter; L, lens.
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10 Hz. The output fs pulse is divided into two beams by a
non-polarized beam splitter (NPBS). The beam with 80% pulse
energy is used as the pump beam to excite the sample at an
incident of 45° through a focusing lens (ACA254-150-B,
Thorlabs) with a focal length of 150 mm. The pump fluence
of the single pulse can reach ∼1mJ=cm2 on the sample. A
mechanical shutter (SH1/M, Thorlabs) with open time of
0.1 s is used to ensure that only one pulse is used in a single mea-
surement. Meanwhile, the beam with 20% pulse energy enters a
home-made grating-based pulse stretcher, which converts the fs
pulse into a linearly chirped pulse. The linear relationship
between the wavelength and time of the stretched pulse can
be expressed as λ = 0.1124t � 786.2, where 0.1124 is the linear
coefficient with unit of nm/ps. The details of the pulse stretcher
and the chirp parameters measurement can be found in
Ref. [33]. The chirped pulse transits a polarizer to generate a
p-polarized light. A neutral filter wheel with a variable filter ratio
is used in the probe path to protect the detector. A delay line is
used to ensure the synchronism between the probe light and the
pump light. An achromatic lens (ACA254-075-B, Thorlabs)
with focal length of 75 mm is employed to focus the probe beam,
resulting in a spot size of about 1 mm at the detection point,
which is smaller than the spot diameter of the focused pump
beam (2 mm). The details at the detection point are shown in
Fig. 2(b). The pump light intensity on the irradiating area of
the probe light presents a Gaussian distribution under the pre-
condition that the probe spot is located at the center of the pump
area. Through another achromatic lens (ACA254-050-B,
Thorlabs) with focal length of 50 mm, the excited area of the
sample is imaged onto the slit of an imaging spectrometer
(Horiba, iHR550). The width of the entrance slit of the imaging
spectrometer is set as 0.016 mm. As a result, a spectrum contain-
ing the dynamic responses of the sample after excitation will be
recorded on the CCD detector (Horiba, Syncer-1024 × 256). A
process duration of 282 ps can be recorded through one mea-
surement, which is calculated from the chirped coefficient
and the CCD spectral range (∼31.7 nm), and the corresponding
time resolution of the pump probe system is ∼0.28 ps.

3. Results and Discussion

The experiment of the photoexcited free carrier dynamics of
WS2 is performed at room temperature. It is worth noting that
the pulse energy fluctuation will introduce non-negligible mea-
surement errors and even affect the observation of dynamic
signals. However, such effects could be minimized by the
single-shot strategy because all the data are collected in one test.
Based on the above experimental conditions, Fig. 3(a) shows
the measured static spectrum I0 (without pump) and dynamic
spectrum I1 (with pump), where the wavelength dimension
has been mapped into the time domain. It should be noted that
the spectra shown in Fig. 3 are the results of the three-layer WS2
sample. Obviously, it can be seen that the transmitted light
intensity of the probe beam drops rapidly at the moment of
pump excitation, as marked in Fig. 3(a). The decrease in

transmitted intensity may be due to the enhanced absorption
of the probe light by the sample. Through differential process-
ing, a spectrum containing the dynamic evolution information
at the detecting area can be obtained as Fig. 3(b). The horizontal
black dashed line representsΔI=I0 = 0, where ΔI = I0 − I1. The
open circles are the measured data, and the solid line represents
the corresponding fitting result using a biexponential function,
which can be described as

y = A1 exp�−t=τ2� � A2 exp�−t=τ3� � y0, (1)

where t is the time variable; τ2 and τ3 represent the carrier decay
characteristic times, respectively. Equation (1) describes how the
value ΔI=I0 decays from the peak to zero. Three distinct phases
can be observed from the differential spectrum with character-
istic times of τ1, τ2, and τ3. Here, we name them as the fast pho-
toexcitation phase, the fast decay phase, and the slow decay
phase, respectively. First of all, the value ofΔI=I0 rises from zero
to the maximum within ∼4 ps after the pump induced photoex-
citation. Then, a fast decay process of ΔI=I0 occurs within
τ2 = 8.4 ps. Finally, a slow decay process of ΔI=I0 lasts for
τ3 = 338.1 ps. It is worth mentioning that due to the limitation
of the time range of the measured spectrum, the characteristic
times of τ2 and τ3 were obtained by fitting Eq. (1) with the mea-
sured data.
In order to further reveal the layer dependency of the dynamic

response of WS2 being excited, the fs pump probe experiments
were performed on WS2 samples with different numbers of
layers. Figure 4 shows the temporal evolution of the transmitted
light intensity extracted from the measured spectrum, where the
WS2 layers are 1L, 3L, and 5L. Since the change of the probe light
intensity is proportional to the carrier population changes[3], the
evolution of the signalΔI=I0 reflects the dynamics of the photo-
excited carriers. In Fig. 4, the open circles are the measured data,
and the solid lines represent the corresponding fitting results
using the biexponential function. Obviously, the temporal evo-
lution of the probe light intensity heavily depends on the num-
ber of layers. As the WS2 layer number increases from 1L to 5L,
the value of ΔI=I0 gradually increases, which indicates the
increase of the number of photoexcited carriers, as well.

Fig. 3. (a) Static spectrum I0 (black line) and dynamic spectrum I1 (blue line).
The time of pump excitation is marked. (b) Spectrum after differential
processing. The open circles are the measured data, and the solid line rep-
resents the corresponding fitting result using a biexponential function. The
spectra shown in this figure are the results of the three-layer WS2 sample.
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Then, the layer dependency of the characteristic time for the
three phases in the dynamic response of the carriers is discussed.
First, the relationship between the fast carrier excitation time τ1
and the layers is shown in Fig. 5(a). It can be found that the car-
rier excitation time of monolayer WS2 (τ1 = 2.9 ps) is signifi-
cantly shorter than that of multilayer films (∼4.1 ps), and no
obvious trend can be concluded. The characteristic times for
decay processes (τ2 and τ3) of WS2 with different layers that
are extracted from the biexponential function fitting process
are shown in Table 1. Correspondingly, Figs. 5(b) and 5(c) show
the layer dependence of τ2 and τ3. It can be observed that the fast
decay phase is on the time scale from several picoseconds to tens
of picoseconds, while the slow decay phase is in the scale of hun-
dreds of picoseconds. The solid lines are the fitting results using

an exponential function. Obviously, the characteristic time τ2 of
the fast decay phase has an exponential decay trend with the
layers. In contrast, the characteristic time τ3 of the slow decay
phase increases exponentially as the number of layers increases.
It is worth noting that the characteristic time of the carrier

dynamic response (the rise and decay) obtained in our experi-
ment is longer than the results reported in Refs. [18,21], which
may be attributed to the relatively high pump pulse fluence used
in our work[20].
We now discuss the mechanism that contributes to the

observed phenomenon. First, we can start with the fast photo-
excitation phase with characteristic time τ1 = 2–4 ps. The WS2
films absorb the photon energy, and the electrons transition
from the valence band to the conduction band once the pump
pulse irradiates on the sample surface. During this process, the
carrier generation rate is much faster than the carrier recombi-
nation rate, and a large number of electrons and holes accumu-
late at the bottom of the conduction band and on the top of the
valence band, respectively. The existence of these hot carriers
inevitably makes the system partly in a non-equilibrium state.
Therefore, these unstable electrons and holes need to release
their own energy to balance the system. Next, we consider the
mechanism of the fast decay phase of the hot carrier with char-
acteristic time τ2 = 4–20 ps. Theoretical predictions of the radi-
ative recombination time are on the nanosecond scale[34,35],
which is much longer than our results. The radiative recombi-
nation of the thermalized electrons and holes then can be
excluded. Therefore, the non-radiative recombination is consid-
ered to be the dominant way[20,21]. To be more specific, the
aforementioned fast decay phase within 20 ps can be attributed
to the fast Auger recombination. During this process, the photo-
excited carriers transfer energy to the phonon system through
Auger recombination, which results in an increase of local lattice
temperature. Finally, we come to the slow decay phase of the
photoexcited carriers, whose characteristic time is on the scale
of hundreds of picoseconds. The carrier population decreases
rapidly due to the fast recombination of electron–hole pairs
in the previous process, leading to a gradual decrease in the
recombination rate of carriers. In addition, accompanying this
recombination process is lattice cooling, the energy of which
is dissipated in the form of thermal diffusion.
Further, we may try to explain the mechanism of the layer

dependency of the characteristic time for the decay processes.
It can be observed from Figs. 5(b) and 5(c) that the characteristic
time of the fast decay phase τ2 decreases exponentially with the
increase of the layer number. In other words, the carrier recom-
bination rate increases as the number of layers increases.
Conversely, the characteristic time τ3 of the slow recombination
phase increases exponentially with the increase of the layer num-
ber. Such phenomena may be explained from the perspective of
the photoexcited carrier numbers. As the number of layers
increases, more carriers will be excited by the radiated pump
pulse, which induce the increase of the carrier recombination
rate. By the same token, the increase in the carrier number will
take longer to pair the electron–hole and finally reach an equi-
librium state.

Fig. 4. Temporal evolution of the transmitted probe light intensityΔI/I0 of the
WS2 films with different layers (1L, 3L, and 5L). The open circles are extracted
from the measured spectrum, and the solid lines are the results of fitting
using a biexponential function.

Fig. 5. (a) Characteristic time of the carrier excitation process as a function of
the material layers. (b) The layer dependence of the carrier fast decay char-
acteristic time and (c) the slow decay characteristic time in the process of
carrier decay. The corresponding solid lines in (b) and (c) are the fitting results
using an exponential function.

Table 1. The Characteristic Times τ2 and τ3 of Different Layers.

Parameters

Layers

1L 3L 5L

τ2=ps 20.9 8.4 3.9

τ3=ps 139.2 338.1 673.4
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4. Conclusion

In summary, a pump probe method has been proposed to study
the ultrafast carrier dynamics of monolayer and few-layer WS2
excited by a fs pump pulse with fluence of ∼1mJ=cm2. It has
been demonstrated that with the configuration proposed in
our work, the dynamics of the photoexcited carriers within
282 ps can be obtained. Moreover, the layer dependency of
the characteristic time of WS2 carrier dynamics has been stud-
ied. Results show that the monolayer WS2 exhibits a unique
photoexcitation time, while the layer dependency of the photo-
excitation time for the multilayer material is not observed. The
carrier recombination stage shows a strong layer dependency. In
addition, Auger recombination is considered to be the main
mechanism of carrier recombination. The proposed method
in this work is expected to be an effective approach to explore
the ultrafast dynamics of photoexcited carriers in 2D semicon-
ductor materials. This work also provides a further understand-
ing of the mechanism of the photoexcited carrier dynamics of
layered WS2, which is the prerequisite for applying TMDs in
the field of photoelectronic and photovoltaic devices.
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